Abstract. A microcavity-based deoxyribonucleic acid (DNA) optical biosensor is demonstrated for the first time using synthetic sapphire for the optical cavity. Transmitted and elastic scattering intensity at 1510 nm are analyzed from a sapphire microsphere (radius 500 μm, refractive index 1.77) on an optical fiber half coupler. The 0.43 nm angular mode spacing of the resonances correlates well with the optical size of the sapphire sphere. Probe DNA consisting of a 36-mer fragment was covalently immobilized on a sapphire microsphere and hybridized with a 29-mer target DNA. Whispering gallery modes (WGMs) were monitored before the sapphire was functionalized with DNA and after it was functionalized with single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA). The shift in WGMs from the surface modification with DNA was measured and correlated well with the estimated thickness of the add-on DNA layer. It is shown that ssDNA is more uniformly oriented on the sapphire surface than dsDNA. In addition, it is shown that functionalization of the sapphire spherical surface with DNA does not affect the quality factor (Q ≈ 10 4 ) of the sapphire microspheres. The use of sapphire is especially interesting because this material is chemically resilient, biocompatible, and widely used for medical implants.
Introduction
There is a growing demand for sensors to detect nanoparticles, viruses, 1 and biomolecules 2 because of the recent advances in nanotechnology and biology. Especially, clinical diagnostics demands sensitive real-time-and label-free detection techniques. 3 Biomolecules recognition and deoxyribonucleic acid (DNA) denaturation were studied by different types of measurement setups such as microfluidic sensing, 4 elastic measurements at the level of a single molecule, 5 force-induced denaturation, 6 and by monitoring the denaturation dynamics in real time using impedance spectroscopy. 7 Other label-free biosensors that have been shown recently are nanowires, 8 nanoparticle probes, 9 biochips, 10 mechanical cantilevers, 11 and field-effect sensors. 12 Label-free optical biosensors offer great advantages over more conventional analytical techniques. 13 This is related to the fact that optical biosensors are highly sensitive, fast, reproducible, and circumvent the need to modify target molecules by labeling. 3, 13 Optical biosensors are powerful transducers that can detect the presence of (bio)chemical molecules at a surface as well as physical properties of the medium. 14 For example, in their seminal work, Arnold et al. demonstrated protein adsorption in spherical photonic microcavities. 15 Zlatanovic et al. demonstrated the detection of the presence and concentration of proteins in a physiological buffer using photonic crystal microcavities. 3 Optical biosensors are insensitive to electromagnetic interference, capable of performing remote sensing, and can provide multiplexed detection within a single device. 16 Also, optical biosensors can be extremely sensitive (nanomolar concentrations or less), nondestructive to the sample, and the transduction processes in optical biosensors generally takes place at a surface and can be tailored to sense almost any kind of molecule, chemical and biological. 17 Optical sensing can be performed using ring resonators, 18 confocal microscopy, 7 prism couplers, 19 spherical cavities, 20 and fiber-optic waveguides. 21 In ring resonators, spherical cavities, and fiber-optics waveguides, the light is coupled through the waveguides, and an evanescent field extends beyond the waveguide surface by ≈100 nm. 18 The analytes bound to the surfaces of these waveguides will lie in the path of the evanescent field, and as a result, they change the effective size and refractive index of the guided mode. 18 Optical sensing using confocal microscopy and fiber-optic waveguides have certain disadvantages. For example, fiber-optics waveguide sensors are typically quite long. In order to achieve a high signal and low detection limit, the waveguide must be on the order of a few centimeters long, because the sensing signal is accumulated along the waveguide. 18 Confocal microscopy requires fluorescent labeling for detection, which is time-consuming, complex, and may not always be suitable for rapid biophysical and routine characterization tasks. 22 In addition, real-time hybridization monitoring using confocal microscopy cannot be performed, because it is hard to distinguish between unbound targets in solution and those that have been hybridized to the probe on the surface, as both will fluoresce when imaged. 23 Photonic microcavities such as circular resonators or spherical resonators are promising optical label-free detection setups. 20, 24 In a photonic microcavity, the target molecules are sampled hundreds of times because of the recirculation of light within the microcavity by total internal reflection (TIR). 24 The target molecules induce a change in the optical microcavity properties such as the size and refractive index; and as a result, a change in the whispering gallery mode (WGM) resonant wavelength is encountered. 25 Recently, a silicon-on-insulator (SOI) microring resonator for sensitive label-free biosensing was fabricated. 26 After coating with biotin receptor molecules, a detection limit of 0.37 fg avidin mass (3260 molecules) was shown. 27, 28 In this article, an experimental study of an optical biosensor concept based on elastic light scattering from sapphire microspheres is performed. The sapphire microsphere surface was functionalized with DNA layers, and the corresponding shift of WGMs was monitored and analyzed. Sapphire shows outstanding chemical inertness, wear resistance, and biocompatibility. 29 Hence, it is widely used for implants such as hip implants, 29 dental implants, 30 and endosseous implants. 31 Moreover, its wide optical transmission band from the ultraviolet to the near-infrared (near-IR) 32 suggests application potential in optical biosensors. So far, SOI ring resonators 26 and glass microspheres 20 have been used as microcavity-based biosensors. The degradation of silicon and glass interfaces in aqueous solutions limits their use as biosensors, 33, 34 and therefore, we consider synthetic sapphire as a promising alternative. 35, 36 Afterward, the sapphire sphere was rinsed with ultrapure water and dried with flowing nitrogen gas.
Silanization of the sapphire samples was carried out by liquid phase deposition of a solution of silane in an organic solvent. 37 The samples were placed in a 600 mM solution of (3-aminopropyl)triethoxysilane (APTES, 99%; Sigma-Aldrich, St. Louis, Missouri) in toluene (≥ 99.9%, Sigma-Aldrich) for 15 h in a nitrogen-filled glovebox. To wash off the unbound APTES, the samples were first rinsed with toluene, followed by tetrahydrofuran (≥ 99.9%, Sigma-Aldrich). After drying the samples in a nitrogen stream, they were cured for 2 h at 150°C. Curing at this high temperature will create a much stronger film of APTES on the surface. 37 This silanization step creates an amine-modified surface. 38 The zero-length crosslinker, 1-ethyl-3-[3-dimethylaminopropyl]-carbodiimide was used for the covalent coupling of the 5′ side of a carboxyl-modified 36-mer singlestranded DNA (ssDNA) fragment to the amine-modified surface in 2-[N-morpholino]-ethannesulphonic acid buffer at 4°C. In a following step, 6 μl 6-fluorescein amidite (FAM)-488-modified DNA was mixed with 14 μl 1× polymerase chain reaction buffer and added to the ssDNA-modified sapphire sphere. The FAM-488 dye allows us to confirm the presence of double-stranded DNA (dsDNA) by confocal microscopy. The sphere was then incubated at 35°C for 2 h. Nonspecifically bound DNA was removed using a double washing step. In a first step, the sphere was washed with 2× saline sodium citrate (SSC) þ0.5% sodium dodecyl sulphate for 30 min. Next, the sphere was washed twice with 0.2× SSC at 30°C for 5 min. Finally, the sphere was rinsed with phosphate-buffered saline (PBS) of pH 7.2 and stored in PBS at 4°C. 33 
Confocal Fluorescence Microscopy
Fluorescence images were taken on a Zeiss, Jena, Germany LSM 510 META Axiovert 200 M laser scanning confocal fluorescence microscope to confirm the dsDNA covalent binding to the sapphire microsphere ( Fig. 1) . To excite the FAM-488 fluorescence dye, a 488 nm argon-ion laser was used with a maximum intensity at the sample surface of 30 μW, in order to avoid Table 1 Base sequences of the probe DNA and the corresponding full match DNA.
Name Sequence
Probe DNA 5′-COOH-AAAAAAACCC CTG CAG CCC ATG TAT ACC CCC GAA CC-3′
Full match 5′-FAM-488-GGT TCG GGG GTA TAC ATG GGC TGC AGG GG-3′ Fig. 1 Confocal fluorescence image of a sapphire microsphere where the binding protocol was carried out as described in Sec. 2.
Journal of Biomedical Optics 097006-2 September 2014 • Vol. 19 (9) bleaching during the image acquisition. The fluorescence emission was collected using a 505-nm long-pass filter. The image was collected with a 10 × ∕0.3 Plan Neofluar air objective with a working distance of 5.6 mm. The following filter sets were used: MBS HFT 488, DBS NFT 490, or mirror. The image size was 900 × 900 μm 2 . The pinhole size was 150 μm, and the laser intensity was set at 10%. The detector gain, being a measure for the photomultiplier voltage in arbitrary units, was set to 950.
Photonic Detection Mechanism
The electromagnetic wave can be trapped inside the sapphire sphere by almost TIR, 39 and it evanesces partially into the surrounding medium. 24 As a result, the light will interact with the molecules once they are captured on the surface on resonance. 24 The electromagnetic wave circumnavigates the sphere and returns back to its initial point in phase. 39 A periodic circumnavigating wave in the sphere produces a series of sharp peaks of WGMs as a function of the size parameter x ¼ 2πaN∕λ, where a is the sphere radius, λ is the wavelength of the laser in vacuum, and N is the refractive index of the surrounding medium [ Fig. 1(a) ]. 39 A tunable diode laser (DL; Santec TSL 510, Komaki, Aichi, Japan) with a wavelength of 1510 nm was used in order to excite the WGMs of the sapphire microsphere, through a single-mode optical fiber (Evanescent Optics Inc., Burlington, Ontario, Canada), which couples >97% of the light passing through the coupler to an overlay index matching [ Fig. 2(a) ]. The DL was tuned from 1510 to 1512 nm with a step size of 5 pm. The elastically scattered light from the sapphire microsphere at 90 deg was collected by a two-channel optical microscope and detected by a germanium (Ge) photodiode (D1). The Ge photodiode signal was sent to a digital storage oscilloscope for signal monitoring and data acquisition. The transmitted power through the optical fiber was detected by a second photodiode (D2) connected to the optical multimeter. All the optoelectronic equipments were controlled using the general purpose interface bus standard.
The system was modeled using the Generalized Lorenz-Mie Theory, which describes the electromagnetic scattering of an arbitrary light beam by a spherical microparticle. 41 The elastic scattering intensity from the sphere and transmittance intensity at the output of the optical fiber for transverse electric and transverse magnetic polarization were calculated for sapphire spheres before and after surface modifications with biomolecules. 40 Figure 2(b) shows a schematic of WGMs (λ 1 and λ 2 ) of same radial mode order and consecutive polar angular mode number, and the shift of WGMs from the sphere's surface modification. The mode spacing (Δλ) is the spectral range between resonances having the same radial mode order (the number of maxima between the center and the radius a in the radial direction in the intensity distribution of the mode) and consecutive polar mode number (the number of maxima between 0 and 180 deg polar angle in the intensity distribution of the mode). The mode spacing Δλ can be calculated using 41 Fig . 2 Schematic geometry of the microsphere with a biologically modified surface coupled to a half coupler optical fiber. (b) Schematic illustration of whispering gallery modes (WGMs; λ 1 and λ 2 ) of same radial mode order and consecutive polar angular mode number and the expected shift of the WGMs from the sphere's surface modification. 40 Δλ is the mode spacing of resonances having the same radial mode order and consecutive polar angular mode number. δλ shift is the wavelength shift due to the spheres surface modification by the adsorbed molecules. Fig. 3 Transmitted intensity (a) and elastic scattering intensity (b) spectra from nonmodified sapphire sphere repeated three times in order to demonstrate the reproducibility of the concept. Spectra were offset in order to distinguish them in one graph.
where m is the relative refractive index of the sphere (refractive index of the sphere/refractive index of the surrounding medium), λ is the wavelength of the laser source in vacuum, and a is the sphere's radius. If molecules are tethered onto the sphere's surface, these molecules will induce a change of the optical properties of the sphere such as its effective size and refractive index near the surface of the sphere proportional to the amount of bound molecules. 24 As a result, the resonance wavelength will change further and result in the phenomenon of resonant shift as shown by the dashed lines in Fig. 1(b) . 24 The wavelength shift δλ shift can be calculated by
where δa is the change in sphere radius because of the interaction between the adsorbed molecules. 25 
Experimental Results
In order to ensure the stability and reproducibility of the resonances, the experiment was repeated at least three times with nonmodified and modified sapphire spheres in air. The same sphere was used in all the measurements. Figure 3 represents the three repeated spectra for the transmitted intensity (a) and the elastic scattering intensity (b) from the nonmodified sapphire sphere. As a result, the resonances were proven to be repeatable and stable because they are well overlapping. The Δλ of the WGMs is observed to be 0.432 nm, which is comparable with the Δλ ¼ 0.482 nm estimated using Eq. (1) for a 1-mm diameter sapphire microsphere with a refractive index of 1.77. The slight discrepancy can possibly be attributed to minor uncertainties in the size, ellipticity, and the refractive index of the sphere. For each maximum in the elastic scattering spectrum, there is a corresponding minimum in the transmittance spectrum. The minima in the transmittance spectrum correspond to an amount of light coupled from the fiber into the sphere. From the comparison of the transmission spectrum in the absence of the microsphere (not shown) to the transmission spectra with the microsphere, the coupling from the fiber to the sphere is estimated to be on the order of 3%. The next step was to investigate what would happen if the sphere was moved around the initial coupling point and then returned back to almost the same position. As shown in Fig. 4 , the resonance positions are overlapping again, but their intensities have slightly changed because of the change in the coupling angle. Within the experimental resolution, the spectral locations of the peaks and minima are identical to those represented in Fig. 3 , supporting the high reproducibility of the described method. Then, the shift in WGMs of the sapphire microsphere from the surface functionalization with ssDNA was measured. The transmitted and the elastic scattering intensity spectra in the wavelength range from 1510 to 1512 nm are shown in Figs. 5(a) and 5(b), respectively.
As can be clearly seen from Figs. 5(a) and 5(b), the resonances are red-shifted by 0.025 nm, which corresponds to a size shift of 8.3 nm as calculated using Eq. (2). In a previous ellipsometric study, we found that the film thickness of the 36 base pairs ssDNA layer was about 7.6 nm with a surface roughness of 0.7 nm on nanocrystalline diamond. 42 This correlates well with the 8.3 nm size shift measured with the microsphere resonator here.
After the hybridization with the target DNA (100 μM), the resonances were red-shifted by 0.03 nm, which corresponds to a radius increase of 10 nm, as calculated using Eq. (2). The transmitted and the elastic scattering intensity spectra are shown in Figs. 6(a) and 6(b) , respectively.
The layer of 29 base pairs dsDNA amounts to a film thickness of about 10.8 nm and a surface roughness of 1.7 nm on nanocrystalline diamond. 42 This again correlates well with the size shift value measured in this setup. The average mass density for the probe DNA onto the sphere surface was estimated to be about 29 ng∕mm 2 . 20, 25 The mass of the probe DNA bound to the sphere surface was estimated to be about 0.1 μg, which corresponds to 5.4 × 10 12 ssDNA molecules (probe DNA molecular weight is 11060.3 g∕mol). In addition, the observed shift corresponds to about one and one half times the resonance linewidth in the ssDNA case and about two times in the dsDNA case, which supports the possibility of identifying about one-third lower concentrations of biomolecules than what was detected in this experiment. In our case, there is a possibility of identifying about 0.1 μg of probe DNA.
The dsDNA was denatured then by 0.1 M sodium hydroxide NaOH, rinsed with ultrapure water, and dried in nitrogen gas. The transmitted intensity and the elastic scattering intensity spectra were collected again [ Figs. 7(a) and 7(b) ]. As expected, the resonances were blue-shifted back almost to the same position as in Figs. 5(a) and 5(b) . Now, we compare the linewidths of the resonances for ssDNA, dsDNA, and denatured dsDNA. The linewidths of the resonances for ssDNA spectra [Figs. 5(a) and 5(b)] were slightly narrower, and more resonances showed up as compared with dsDNA spectra [Figs. 6(a) and 6(b) ]. This can be attributed to the fact that the surface is smoother and might be more homogeneously covered with ssDNA (surface roughness 0.7 nm) 42 than it is with dsDNA (surface roughness 1.7 nm). 42 The smoother the microcavity surface is, the higher the quality factor. 43 When the dsDNA was denatured, the linewidths remained broad [Figs. 7(a) and 7(b) ]. This can be attributed to the fact that there might be some denatured ssDNA strands still attached to the surface. This will result in a nonhomogeneous surface that scatters the photons and decreases the resonances quality factor. 43 However, the quality factor was still preserved at a high value (Q ≈ 10 4 ) in all the functionalization steps except for the ssDNA (Q ≈ 10 5 ) functionalization step, when more resonances showed up due to surface smoothness.
Conclusions
A concept for a label-free photonic biosensor was proposed with possible applications in the identification of biomolecules and in the observation of hybridization and denaturation of DNA. Elastic light scattering and transmitted intensity from sapphire spheres were measured in the wavelength range of 1500 nm. The resonance shift from the sphere-surface modification with ssDNA and dsDNA was measured and analyzed. The surface functionalization with ssDNA and dsDNA did not significantly lower the quality factor (Q ≈ 10 4 ). The surface modified with ssDNA was smoother, and the ssDNA seemed to be aligned more homogeneously than the dsDNA. This resulted in more resonances in the spectrum of ssDNA than in the dsDNA. The measurements showed that an optical biosensor based on spherical cavities is a good candidate for biomolecules identification and DNA hybridization and denaturation. The shift in resonances can be analyzed from the transmission signal of the optical fiber or from the elastic scattering intensity. Furthermore, for a resonant linewidth of 0.015 nm at 1500 nm, the modified sapphire sphere had a spectral shift of about two times the resonant linewidth, which supports the possibility of identifying about 0.1 μg probe DNA. In summary, the sapphire microcavity-based sensor can be used to study the physical properties of DNA and protein molecules. All in all, we have introduced synthetic sapphire, being an established implant material, as active element in a photonic biosensor platform, allowing for future lab-on-chip bioanalytical applications. Advantages compared with silicon-based photonics are especially seen in the resilient behavior of sapphire, meaning that such a device might also operate under harsher chemical or temperature conditions. Ali Serpengüzel received his PhD degree from Yale University. He is currently a professor and the director of the Microphotonics Research Laboratory at Koç University. His current research focuses on silicon photonics, optical microcavities, and waveguides toward applications in optical fiber communications. Other research interests include optical spectroscopy in complex media, nanophotonics, linear and nonlinear optics, and laser diagnostics toward applications in remote sensing and combustion. He is an SPIE fellow, IEEE and OSA senior member, and Sigma-Xi member. 
